Background-Monocytes may have an important role in the resolution of venous thrombosis. Increased expression of tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) is associated with an ingress of monocytes into the thrombus. This study was designed to evaluate the importance of these activators in thrombus resolution. Methods and Results-Inferior caval vein thrombosis was induced in cohorts of adult wild-type, uPA gene-knockout (uPA Ϫ/Ϫ ), and tPA gene-knockout (tPA Ϫ/Ϫ ) mice in a flow model. Thrombi were harvested from wild-type and uPA Ϫ/Ϫ mice (nϭ60 per group) between 1 and 60 days. Thrombi were also obtained from groups of wild-type and tPA Ϫ/Ϫ mice (nϭ24 per group) between 1 and 28 days. Thrombus size and macrophage content were measured by computer-assisted image analysis. Thrombus resolution was significantly impaired in the uPA Ϫ/Ϫ mice compared with wild-type controls (PϽ0.0001) but was unaffected in tPA Ϫ/Ϫ mice. Monocyte content in wild-type mice was highest at 14 days after thrombus induction and was Ϸ4 times greater than in uPA Ϫ/Ϫ mice (Pϭ0.0043). Thrombus size in uPA Ϫ/Ϫ mice transplanted with wild-type marrow (0.29Ϯ0.06 mm 2 ) was significantly smaller than in uPA Ϫ/Ϫ mice given uPA Ϫ/Ϫ bone marrow (3.9Ϯ1.1 mm 2 ) (Pϭ0.0022). Donor bone marrow-derived cells expressing LacZ were present in the thrombus after transplantation. Conclusions-The resolution of experimental venous thrombus is dependent on uPA but is unaffected by the absence of tPA. Absence of uPA is also associated with delayed monocyte recruitment into the thrombus. Transplanting wild-type bone marrow restores thrombus resolution in uPA Ϫ/Ϫ animals, suggesting an important role for bone marrow-derived cells in this process. (Circulation. 2003;107:869-875.)
D eep venous thrombosis can cause venous occlusion and valvular damage, which often results in pain, swelling, and ulceration in the affected limb. Leg ulcers affect 1% to 2% of Europeans at some time in their lives 1 and are costly to treat. The current treatment of venous thrombosis with anticoagulants prevents thrombus propagation and embolization but has little if any effect on thrombolysis and has a small but significant risk of severe hemorrhage. 2 Thrombolytic therapy does not consistently reduce the severity of postthrombotic syndrome and is also associated with an increased risk of hemorrhage. 3 Venous thrombus resolves naturally by a slow process of organization and recanalization. 4 Accelerating this process may prevent postthrombotic complications by reducing valvular damage and residual obstruction 5 and would also be valuable when thrombolysis is contraindicated.
The formation of plasmin from plasminogen by the action of tissue-type (tPA) and urokinase-type (uPA) plasminogen activators is thought to be the main pathway by which fibrin deposition is regulated in the vascular tree and by which pericellular fibrinolysis, required for cell migration in tissues, is activated. 6 -8 Natural thrombus resolution involves an organizational process similar to that found in wound healing. 4, 9 The migration and activity of monocytes are important components of the process of repair, because these cells are known to produce a variety of growth factors, chemotaxins, and matrix-degrading enzymes. 10, 11 We have previously demonstrated that venous thrombus resolution is linked to monocyte recruitment and activity. Monocytes enter the thrombus as resolution proceeds, and injection of monocyte chemotactic protein-1 into the thrombus results in enhanced resolution. 13 We have also shown that the thrombus contains increasing quantities of both tPA and uPA activity as it resolves 14 and that this activity is expressed by invading monocytes. 15 These findings led us to speculate that monocytes orchestrate thrombus resolution and that this process is facilitated by the expression of both uPA and tPA.
Previous work in a model in which preclotted blood was injected into the jugular vein of uPA-and/or tPA-knockout mice suggested that tPA and not uPA is important for removal of the clot. 14 Preclotted blood is formed in the tube under static conditions and is composed of red cells and platelets within a fine fibrin mesh, with leukocytes scattered randomly throughout the clot. 16 A venous thrombus, however, forms in flowing blood and is composed of a laminar structure with layers of fibrin and associated platelets and leukocytes forming a strong meshwork that encapsulates the main red cell mass. 9 Clots and thrombus may therefore resolve in a different manner.
The aim of this study was therefore to use a novel flow model of thrombosis 17 in uPA and tPA gene-knockout mice to investigate the hypothesis that thrombus resolution is regulated by the fibrinolytic activity of monocytes.
Methods

Generation of Transgenic Mice
The tPA gene was deleted by use of a constructed targeted DNA vector, pNT.t-PA, containing a cassette expressing the neomycinresistance gene (neo), which replaced the genomic sequences encoding most of the kringle-2 and part of the proteinase domains, including the active-site histidine residue. The targeting vector used to disrupt the uPA gene was pNT.u-PA, in which the neomycin cassette replaced the genomic sequences encompassing all but 23 amino acids of the coding sequence. Homologous recombinations (verified by Southern blot analysis of the genomic DNA) resulted in total inactivation of both plasminogen activator genes. Incorporation of the neomycin cassettes allowed the isolation of embryonic stem cells that had stably taken up the DNA vector. These pluripotent embryonic stem cells were subsequently introduced into host embryos by blastocyst injection. 18
Mouse Model of Venous Thrombosis
Home Office approval was obtained for all the procedures performed. Thrombus was produced in the infrarenal vena cava of wild-type (uPA ϩ/ϩ /tPA ϩ/ϩ ), uPA Ϫ/Ϫ , and tPA Ϫ/Ϫ adult mice (75% C57BL/6 25% 129 strain; weight, 18 -32 g; age, 8 to 12 weeks; bred in Dr Collins' lab) as previously described. 17 Mice were anesthetized with isoflurane (Baxter Health Care Ltd), and the inferior vena cava was exposed below the renal veins through a midline laparotomy incision. The intestines were retracted, and retroperitoneal blunt dissection of the infrarenal vena cava was performed to mobilize a 5-mm segment distal to the left renal vein. A neurosurgical vascular clip (Braun Medical) was applied to the dissected vena cava for 15 seconds on 2 occasions, 30 seconds apart. A 5-0 Prolene suture was placed alongside the vena cava. A stenosis was produced in the vein by tying a 4-0 silk suture around the vena cava to include the Prolene suture. The Prolene was then pulled out to allow blood to continue to pass up the vein. The intestines were replaced, and the abdominal wall was sutured. The animals were then allowed to recover from the anesthesia. After surgery, the mice had access to water and chow (SDS; Lillico). The infrarenal vena cava containing thrombus was subsequently excised for analysis.
Tissue Harvesting
At fixed time intervals, cohorts of mice were reanesthetized, and a laparotomy was performed to excise the infrarenal vena cava, which was prepared for histology and image analysis.
Histology
The infrarenal vena cava containing the thrombus was fixed in 10% formal saline overnight and embedded in paraffin wax. Transverse sections 5 m thick were cut at 300-m intervals below the ligature and stained with Martius scarlet blue. This stains red cells yellow, fibrin red, mature fibrin gray/blue, extracellular matrix/collagen blue, and cell nuclei blue-black. 13 Sections of tissues were viewed at 50ϫ magnification and digitized using a microscope-mounted camera (Nikon Coolpix 990). The sizes of the thrombi were marked by use of a photo editor software (Satori Image, Spaceward Graphics). The area of thrombus in each section was measured with image analysis software (Image Pro Plus, Media Cybernetics). For ease of analysis, the thrombus was considered to be a cylinder, and therefore the sum of the cross-sectional area of all sections taken through the entire thrombus gave an approximate measure of the thrombus size. These measurements were calibrated and expressed in square millimeters. All the images were analyzed blindly. Thrombus size was also measured in a series of images (nϭ97) of sections taken from 10 randomly selected animals by a second "blinded" observer to determine the interobserver variability.
Thrombus Size
Thrombi were harvested from cohorts of wild-type and uPA Ϫ/Ϫ mice at 1, 7, and 10 days (nϭ6 per group); at 14, 21, and 28 days (nϭ12 per group); and at 60 days (nϭ6 per group) after thrombus induction. Thrombi were also harvested from wild-type and tPA Ϫ/Ϫ mice at 1, 14, and 28 days (nϭ8 per group).
Macrophage Content
Paraffin sections of the thrombus were taken at 1, 14, and 28 days after surgery from groups of wild-type, uPA Ϫ/Ϫ , and tPA Ϫ/Ϫ mice (nϭ6 per group) and were processed for immunohistochemistry to localize macrophages using the monoclonal antibody raised against the MAC3 antigen (Serotec). The antigen was retrieved by microwaving at 650 W for 10 minutes in citrate buffer at a pH of 6.0. Primary antibody binding was located using a biotinylated second antibody followed by a streptavidin-peroxidase complex and Vector SG substrate (Vector Laboratories). The percentage area of the thrombus containing the stained MAC3 antigen (macrophage density) was measured with the image analysis software described above.
Bone Marrow Transplantation
This procedure was carried out as previously described. 19 Femurs from 8-week-old uPA Ϫ/Ϫ mice and their wild-type littermates (in a 99.2% C57Bl/6 background) were isolated, and the marrow was flushed out with a syringe attached to a 26-gauge needle containing RPMI 1640 culture medium (Rosewell Park Memorial Institute) supplemented with 2% fetal bovine albumin (Life Technologies) and 10 U/mL heparin (Sigma). Monocellular suspensions were prepared by flushing the marrow up and down in a syringe attached to a 26-gauge needle. The bone marrow cells were centrifuged at 1200 rpm for 5 minutes, washed twice with RPMI 1640 without additives, resuspended in RPMI 1640 medium, and counted. Two groups of 8-week-old uPA Ϫ/Ϫ mice and a group of wild-type mice (nϭ14 per group) were lethally irradiated (9.5 Gy) with a linear accelerator 16 hours before bone marrow transplantation. A group of uPA Ϫ/Ϫ and wild-type mice were transplanted with uPA Ϫ/Ϫ bone marrow cells by tail-vein injection of 5ϫ10 6 cells per mouse under aseptic conditions. The second group of uPA Ϫ/Ϫ mice were transplanted with wild-type bone marrow cells (5ϫ10 6 cells per mouse). Thrombosis was then induced in the inferior vena cava of all mice 4 weeks after transplantation, by which time white blood cell counts had returned to levels comparable to the levels before transplantation (not shown). From the time of transplantation until thrombus induction, mice were housed under specific pathogen-free conditions in Thoren racks and had access to sterilized food and filtered water. The mice were euthanized after another 28 days, and the venae cavae containing thrombi were harvested.
Transplantation of ␤-Galactosidase-Expressing Bone Marrow and X-Gal Staining
To demonstrate that monocytes within the thrombus might have originated from the bone marrow, we transplanted marrow from mice expressing the gene for the nonmammalian enzyme ␤-galactosidase (LacZ ϩ/ϩ ) into an irradiated uPA Ϫ/Ϫ mouse and a wild-type mouse. Thrombi were induced 4 weeks later, and the animals were euthanized at 11 days. The infrarenal vena cava containing thrombus was cryoembedded, and sections 10 m thick were cut and stained for ␤-galactosidase activity using the X-Gal staining kit (Invitrogen). Tissues from nontransplanted wild-type and LacZ ϩ/ϩ mice were also stained for ␤-galactosidase activity to act as negative and positive controls, respectively. The presence of blue stain (␤-galactosidase expression) was confirmed by light microscopy.
Statistics
The significance of intergroup differences was determined by Student's t test, because all data were normally distributed. Differences between resolution curves were assessed with 2-way ANOVA. All results are expressed as means with SEM. Paired t test and the Pearson rank correlation coefficient were used to compare the measurement of thrombus size by the 2 observers.
Results
The thrombus induced in the mice consisted of a laminated structure composed of red cells trapped between layers of fibrin (associated with platelets and neutrophils), similar to those we have previously observed in this model, in a flow model of venous thrombosis in the rat, and in humans. 12, 17 
Thrombus Size
No difference was observed in thrombus size at day 1 between uPA Ϫ/Ϫ mice (11Ϯ2.3 mm 2 ) and their wild-type controls (12Ϯ1.9 mm 2 ) (Pϭ0.86) (Figures 1a and 2 ). There was also no difference in thrombus size between the tPA Ϫ/Ϫ animals (17Ϯ2 mm 2 ) and their wild-type controls (18Ϯ4 mm 2 ) (Pϭ0.81) (Figures 1b and 3 ). By 28 days, thrombus in the wild-type mice (3.1Ϯ0.86 mm 2 ) and tPA Ϫ/Ϫ mice (2.7Ϯ0.35 mm 2 ) had resolved to approximately one sixth of its original size (Pϭ0.002 and PϽ0.0001, respectively) (Figures 1b and 3 ). Thrombus resolution was significantly impaired, however, in uPA Ϫ/Ϫ mice compared with their wild-type controls (PϽ0.0001) (Figures 1a and 2) . By 60 days, thrombus had resolved in all 6 wild-type mice (1.0Ϯ0.25 mm 2 ), but no resolution was observed in 3 of the uPA Ϫ/Ϫ mice (19Ϯ1.1 mm 2 ) (PϽ0.0001). The remaining 3 uPA Ϫ/Ϫ mice died. There was a good correlation (R 2 ϭ0.99, PϽ0.0001) and no difference in mean thrombus area (PϾ0.15) measured by the 2 observers.
Thrombus Macrophage Content
The macrophage content of thrombus taken from the wildtype animals peaked at day 14 (5.3Ϯ1.0%) compared with day 1 (0.3Ϯ0.1%, Pϭ0.0006) and day 28 (1.6Ϯ0.6%, Pϭ0.01) (Figures 4a and 5a ). There was a small but significant increase in the macrophage content of the thrombus between 1 (0.2Ϯ0.1%) and 28 (1.8Ϯ0.3%) days in the uPA Ϫ/Ϫ mice (Pϭ0.0006) (Figure 4a ). There was, however, a lower macrophage density in the thrombi of uPA Ϫ/Ϫ mice at day 14 (1.3Ϯ0.3%) compared with thrombi removed from their wild-type controls (Pϭ0.0035) (Figures 4a and 5, a and   b ). There was no significant difference between the level and pattern of monocyte recruitment in tPA Ϫ/Ϫ mice and their wild-type controls (Figure 4b ).
Bone Marrow Transplantation
The size of the thrombi in uPA Ϫ/Ϫ mice reconstituted with wild-type marrow (0.3Ϯ0.1 mm 2 , nϭ14) was significantly smaller than thrombus taken from uPA Ϫ/Ϫ mice transplanted with uPA Ϫ/Ϫ marrow (3.9Ϯ1.1 mm 2 , nϭ14, Pϭ0.002) (Figure 6) . The mean thrombus size in the wild-type mice reconstituted with uPA Ϫ/Ϫ marrow (2.0Ϯ0.6 mm 2 , nϭ14) was lower than that in the uPA Ϫ/Ϫ mice given uPA Ϫ/Ϫ marrow, but this did not reach statistical significance (Pϭ0.12).
LacZ ؉/؉ Bone Marrow Transplantation
␤-Galactosidase staining was observed in thrombi produced in both wild-type and uPA Ϫ/Ϫ mice transplanted with bone marrow from Lac-Z ϩ/ϩ animals (Figure 7 ).
Discussion
Venous thrombus resolves by a process of organization characterized by recruitment of leukocytes (mainly monocytes) and invasion of fibroblasts and endothelial cells, leading to recanalization. 12 Urokinase is thought to be an important mediator of pericellular proteolysis, which is required for cell migration and tissue remodeling in wounds, 20, 21 whereas tPA is the main plasminogen activator responsible for the removal of fibrin from the vascular tree. Our previous work in the rat model showed that both plasminogen activators were present within the thrombus and that their levels increased as the thrombus resolved. 14 These findings led us to postulate that absence of tPA and uPA might affect the resolution of venous thrombus.
In this study, thrombus resolution and recanalization were inhibited in the uPA gene-deficient mice. This process proceeded normally in wild-type mice and was almost complete by 28 days. By this time, wild-type thrombi were highly organized cellular structures containing many vascular channels and widespread collagen deposition. There was little evidence of organization and recanalization in the thrombi of uPA Ϫ/Ϫ mice at the same stage. In these animals, cell infiltration and collagen deposition were restricted primarily to the margins of the thrombus, and few vascular channels were present.
No temporal difference was observed in the degree of thrombus organization and resolution between wild-type and tPA Ϫ/Ϫ mice, suggesting that this plasminogen activator may not play a major part in the resolution of venous thrombi. Our results led us to the assumption that uPA is essential for normal thrombus resolution.
The results of the present study seem to contradict previously reported data showing that inactivation of the tPA gene impaired clot lysis, whereas the absence of uPA had no effect on this process. 18 The previous model, however, was different from the one used in this study in that it involved injection of ex vivo clotted blood into the jugular vein to mimic thrombosis and is therefore be more analogous to studying the resolution of pulmonary emboli.
Urokinase has been shown to be an important facilitator of cell migration and invasion 18, 22 and may be responsible for regulating the activation of other proteases, such as the metalloproteases, which sustain extracellular matrix turnover and tissue remodeling. 23 We previously linked the uPA activity found in the thrombus to a monocyte infiltrate, 14 and we therefore speculated that absence of uPA might affect the recruitment of monocytes that occurs during the natural resolution of venous thrombi. Analysis of the thrombus monocyte content demonstrated that monocyte entry into thrombi was delayed in uPA Ϫ/Ϫ mice. Wild-type thrombus monocyte numbers peaked at day 14, at which time the monocyte density was Ͼ5-fold higher than that found in the uPA Ϫ/Ϫ group. A study on the relationship between plasminogen activators and cardiac rupture in a model of acute myocardial infarction also showed that the absence of uPA reduces the migration of leukocytes, in particular monocytes, into tissue, whereas tPA deficiency had no effect on this process. 24 The fact that significantly more monocytes had accumulated by 28 days in the thrombus of uPA Ϫ/Ϫ mice (compared with 1 day) in the same group suggests that these cells may also use plasmin-independent pathways to migrate. Monocytes can express a variety of proteases, including metalloproteases, that can degrade extracellular matrix to facilitate migration. 11 Monocytes can also remove fibrin through receptor-mediated lysosomal degradation. 25 Natural thrombus resolution involves the processes of organization and vascularization that also occur during wound healing. Monocytes are important mediators in wound healing, and inhibition of their migration is known to delay this process. 21 They can regulate tissue organization by producing a variety of proteases and growth and chemotactic factors that regulate collagen turnover and tissue remodeling and may directly contribute to revascularization by "drilling tunnels" into wound tissue in a process similar to angiogenesis. 26 In this context, it is interesting to note that we have previously observed thrombus revascularization in areas of high macrophage density in both human and experimental venous thrombi. 12 Monocytes may therefore contribute to thrombus resolution by encouraging extracellular matrix remodeling and stimulating angiogenesis.
Our previous tracking studies have suggested that most monocytes that enter the thrombus are derived from the circulation and not from resident cells in the surrounding tissues. 27 We therefore attempted to introduce normal circulating monocytes into uPA Ϫ/Ϫ mice by transplanting bone marrow from wild-type animals. This resulted in complete restoration of thrombus resolution in the uPA Ϫ/Ϫ mice. Impaired resolution occurred in animals given uPA Ϫ/Ϫ marrow. The small difference in thrombus resolution observed between uPA Ϫ/Ϫ mice transplanted with uPA Ϫ/Ϫ marrow and wild-type mice given uPA Ϫ/Ϫ marrow may have been the result of recruitment of residual macrophages present in tissues (eg, vessel wall) that were not destroyed by the irradiation. It has been previously reported that macrophages may survive in tissues for years. 28 We have also shown, by transplanting LacZ-expressing bone marrow into wild-type mice, that bone marrow-derived cells are recruited into the thrombus. The lineage of these cells remains unclear, because our attempts with doublelabeling techniques using specific markers for mouse macrophages have to date been unsuccessful.
Although bone marrow is a major source of monocytes, it is also a source of other cells, including endothelial progenitor cells. There is now considerable evidence to show that bone marrow-derived endothelial progenitor cells are present in the circulation. 29, 30 Endothelial progenitors have been implicated in postnatal vasculogenesis in both physiological and pathological conditions, including wound healing, in which revascularization is a vital process. [31] [32] [33] It is therefore possible that endothelial progenitor cells were involved in the retrieval of thrombus resolution in uPA Ϫ/Ϫ mice transplanted with normal bone marrow. This is the first study that directly indicates a central role for uPA in thrombus resolution. Enhancing the uPA activity in monocytes or enhancing their mobilization from the bone marrow may provide novel treatments for venous thrombosis. Studies of thrombus resolution using plasminogen activator inhibitor gene-deficient mice are under way. We are also using viral transduction methods to upregulate urokinase expression in monocytes 34 and hope to reinfuse these transduced cells into our thrombosis models. The role of endothelial progenitor cells will also be investigated using specific endothelial cell markers and transgenic bone marrow donor mice expressing green fluorescent protein that is transcriptionally regulated by the endothelial cell-specific Tie-2 promoter. 
